Antiretroviral therapy (ART) is successful in the suppression of HIV but cannot target and eradicate the latent proviral reservoir. The location of retroviral integration into the human genome is thought to play a role in the clonal expansion of infected cells and HIV persistence. We developed a high-throughput targeted sequence capture assay that uses a pool of HIV-specific probes to enrich Illumina libraries prior to deep sequencing. Using an expanded clonal population of ACH-2 cells, we demonstrate that this sequence capture assay has an extremely low false-positive rate. This assay assessed four cellular models commonly used to study HIV latency and latency-reversing agents: ACH-2 cells, J-Lat cells, the Bcl-2-transduced primary CD4
IMPORTANCE
Despite the success of ART, currently there is no successful therapy to eradicate integrated proviruses. Cellular models of HIV latency are used to test the efficacy of latency-reversing agents, but it is unclear how well these models reflect HIV integration into the human genome in vivo. We have developed a novel probe-based sequence enrichment assay to sequence and analyze integrated HIV. We compared HIV integration site characteristics between four cellular models and to previously described patient data sets. Significant differences were detected in the distribution of HIV integration sites between cellular models of HIV latency and compared to data sets from patient samples. The results from this study have implications for how well these cellular models of HIV infection truly reflect HIV integration in vivo and their applicability in drug discovery for novel latency-reversing agents.
T he main obstacle to eradicating human immunodeficiency virus (HIV) infection is the establishment of permanently integrated HIV genomes into the host cell chromosomes of long-lived immune cells. Importantly, HIV integration into the human genome is not a completely random process. HIV integration location is influenced by DNA structure and strongly favors transcriptionally active, genic regions of the human genome (1) (2) (3) . Such targeting is guided in part by cellular factors such as the lens epithelium-derived growth factor (LEDGF)/p75, a chromatin-binding protein that tethers HIV integrase to transcriptionally active regions of the host chromosome (4) (5) (6) . In addition, nuclear topology and the orientation of HIV integration relative to the host gene may impact transcriptional efficiency and latency (1, (7) (8) (9) . The evaluation of HIV integration sites has taken on additional importance, given the recent evidence suggesting that specific integration sites associated with cell cycle control are associated with the clonal proliferation of HIV-infected cells, and may be a contributing factor to the persistence of the HIV reservoir despite sustained virologic suppression on antiretroviral therapy (ART) (10, 11) . However, there remains some controversy over the role that these clonally proliferating cells have in contributing to the replication-competent HIV reservoir and in viral rebound after treatment discontinuation (12) (13) (14) .
Cellular models of HIV latency have become an integral com-ponent of drug discovery in the search for novel latency-reversing agents. Commonly used models include ACH-2 cells (15-17), JLat cells (18) , the Bcl-2 transduced primary CD4 ϩ model (19) (20) (21) (22) , and the cultured T CM (central memory) model (23) (24) (25) (26) . A previous analysis of integration sites among several cellular models showed significant variation in their integration site locations (27) . However, it remains unclear if these models adequately reflect the diversity and location of HIV integration that is found within HIV-infected patients. This is reflected in the various and incomplete responses of in vitro cellular models to latency-reversing agents compared to responses from patient-derived cells (28) .
The study of HIV integration sites historically has been performed with PCR-based methods, which employ a primer complementary to the HIV long terminal repeat (LTR) (10) (11) (12) 29) . However, the HIV DNA reservoir is highly diverse, as it is derived from the successive archiving of circulating plasma viruses (30) . In order to address the amount of viral diversity within the proviral reservoir, we have designed a novel targeted sequence capturebased method for HIV integration site sequencing that uses a pool of capture probes to account for HIV diversity (Fig. 1A) . Using our probe-based sequence enrichment method, we have analyzed the degree of clonal expansion, the location, and the orientation of HIV integration sites in four commonly used HIV latency models and compared the findings to those of previously published analyses of HIV integration sites in virologically suppressed patients. The results from this study have implications for how well these cellular models of HIV infection truly reflect HIV integration in vivo and their applicability in drug discovery for novel latencyreversing agents.
MATERIALS AND METHODS
Cell lines. ACH-2 cells and J-Lat full-length cells (clone 9.2) were obtained from the NIH AIDS reagent program. ACH-2 clones were obtained by serially diluting cells to a concentration of 0.5 cells per well and were clonally expanded in the presence of the protease inhibitor darunavir and the fusion inhibitor enfuvirtide for 28 days. At the end of the cellular expansion process, approximately half of the wells contained viable cellular populations. DNA was extracted from ACH-2 cells (both bulk cultures grown in the absence of ART and clones as described above), J-Lat cells (31) , Bcl-2 transduced primary CD4 ϩ HIV latency model cells (19, 20) , and cells from a T CM primary CD4 ϩ HIV latency model (23) (24) (25) . DNA extractions were performed using the Gentra Puregene cell kit (Qiagen) and purified by isopropanol precipitation.
Probe library. All subtype B, long terminal repeat (LTR) sequences encompassing the U3 region (n ϭ 573) were aligned using the Los Alamos National Laboratory Sequence (LANL) database (http://www.hiv.lanl .gov). A 72-bp fragment of the U3 region of the 5= LTR was selected for probe design as a relatively conserved region. Sequences were clustered using DNACLUST, and 52 consensus probe sequences were identified to cover the diversity of LTR sequences found in LANL. Using this probe set, Ͼ97% of the subtype B HIV sequences within the LANL database have 3 or fewer mismatches with its closest matched sequence in the probe library ( Fig. 1B ; also see Table S1 in the supplemental material).
Sequence capture and deep sequencing. One microgram of DNA was sheared by the Covaris E220 sonicator to 400-to 600-bp fragments. The J-Lat cell line was assessed in duplicate. Illumina library construction was performed using the Beckman Coulter SPRI-TE nucleic acid extractor automated library preparation with Bioo Scientific NEXTflex adapters. Size selection was performed using Beckman-Coulter AMPure XP beads. The libraries then underwent PCR enrichment with Kapa HiFi DNA polymerase. Probe-based sequence enrichment was performed with our biotinylated probe library (xGEN lockdown probe; Integrative DNA Technologies). Probe hybridization was performed at 65°C for 18 h, and hybridized libraries were pulled down using Dynabeads MyOne Streptavidin T1 (Life Technologies). Captured DNA libraries were enriched by PCR enrichment with Kapa HiFi DNA polymerase. After QiaQuick PCR purification, samples were sequenced on the MiSeq platform (Illumina) to generate 300-bp paired-end reads.
Analysis of HIV integration site. Reads were aligned with bwa-mem (32) to hg19 with an artificial HXB2 chromosome, and duplicate alignments were marked using sambamba (https://github.com/lomereiter /sambamba). Unique, nonduplicate human-HXB2 chimeric reads with mapping quality greater than 20 were used to call integration sites at the human-HXB2 breakpoint. Chimeric sequences that mapped to multiple locations in the human genome were excluded from analysis. Source code to perform the integration site analysis is available at https://github.com /hbc/li_hiv. Integration sites within three base pairs were collapsed into the most common integration site. Sites were annotated with UCSC canonical gene annotations. Gene ontology analysis was performed using the GEne SeT AnaLysis Toolkit (33) . Confirmation of HIV integration sites was performed with PCR amplification using primers for both the HIV LTR and the chromosomal site of interest as well as Sanger population sequencing. Integration site analysis of participant data was obtained from two previously published data sets (10, 11) . Median and range values of integration site characteristics (e.g., percent intron) were determined using all applicable reads for each participant. HIV integration site characteristics were compared between samples with chi-square or Fisher's exact test. All genes with viral integrants from patient samples were compared to genes from the cellular models. Genes identified from the cellular models also were compared to a smaller subset of highly represented genes from the two previously published data sets (10, 11) . Highly represented genes from the Maldarelli et al. data set were defined by the authors as genes that have three or more different integration sites in the five patients studied or genes with highly expanded clones (10) . Highly represented genes from the Wagner et al. study were defined by the authors as genes that had proviral integrants in two of three participants (11) .
RESULTS

Integration analysis of ACH-2 and J-Lat cells.
HIV integration site analysis was performed on a bulk culture of ACH-2 cells, a T cell line reported to have one integrated proviral copy (15, 16) . Illumina sequencing resulted in 560 unique reads found to have a chimeric sequence containing both HIV and human sequence, representing an approximately 500-fold enrichment of HIV-containing reads. The most common HIV integration site in this bulk culture of ACH-2 cells occurred at position 33059398 in chromosome 7 (Chr7), with 200 clonal reads ( Fig. 2A) . This insertion site has been described previously using Sanger sequencing (34) . However, we found a second common integration at position 130873925 in Chr9 that was detected in 64 clonal reads. To confirm our deep sequencing findings, we successfully PCR amplified and Sanger population sequenced both of these major integration sites using primer pairs where one primer was specific to the human sequence and the other to HIV (Fig. 3A and B) . While reported to be a clonal population, we found 247 unique integration sites within the ACH-2 bulk culture, 39.6% of which were single integration sites ( Fig. 2A and B) . To evaluate whether these minority integration sites represented PCR or sequencing error, ACH-2 cells were cloned to a concentration of 0.5 cells per well by serial dilution and reexpanded in the presence of ART to prevent new rounds of infection. Integration site analysis of the clonal ACH-2 population showed the near elimination of single integration sites (ACH-2 bulk culture versus ACH-2 clone, 39.6% versus 0.2%; P Ͻ 0.01 by Fisher's test) (Fig. 2) , suggesting that this assay has an extremely low false-positive rate and that the minority integration sites detected in the bulk ACH-2 culture are unlikely to represent PCR or sequencing error. The same majority integration site in the bulk culture of ACH-2 cells, 33059398 in Chr7, was also a major integration site in the ACH-2 clone. This site was confirmed subsequently by PCR and Sanger population sequencing.
We also performed integration site analysis on J-Lat cells (clone 9.2). This is a clonal, Jurkat-based cell line with a construct that has a full-length HIV-1 genome deficient in functional env (31). Illumina sequencing resulted in 55 clonal reads with one insertion site at position 46884365 in Chr19. This integration site was previously reported in Lenasi et al. (35) .
Evaluating cellular models of latency. In addition to ACH-2 and J-Lat cells, we also performed integration site sequencing for two other commonly used cell culture models of HIV latency, the Bcl-2 transduced primary CD4 ϩ T cell model (19, 20) and the cultured T CM (primary central memory T cell) model ( Fig. 4 ; also see Table S2 in the supplemental material) (23) . Unlike ACH-2 and J-Lat cells, no major HIV integration sites were detected in the Bcl-2 and T CM models (Fig. 4) . We compared integration site features across the ACH-2 cells, the Bcl-2 transduced model, and the T CM model and in relation to integration obtained from 8 previously described patients (Table 1) (10, 11) . The ACH-2 model was included in the analysis given our finding that these cells harbored a greater than expected diversity of integration sites. Across the three cellular models, there were significant differences in the proportion of clonally expanded integration sites identified within the human genome (ACH-2 versus Bcl-2 transduced model versus T CM model, 60% versus 26% versus 16%; P Ͻ 0.01 by chi-square test), with ACH-2 cells harboring a particularly high proportion of clonally expanded sites, most of which were found at two particular locations (Fig. 2A) . The proportion of expanded sites in the ACH-2 cell line was greater than that of any of the 8 patient samples (60% versus a median of 30% [range, 6 to 47%]) ( Table 1 ). The ACH-2 model also was found to have the highest percentage of integration sites located in exons and in the same orientation as the host gene (P Ͻ 0.01 by chi-square test for both comparisons) ( Table 1) . A higher percentage of ACH-2 reads was integrated in the same orientation as the host gene than for any of the patients samples (64% versus a median of 35% [range 23 to 56%]). ACH-2 and Bcl-2 models had a similar proportion of integration sites in genic regions, but a lower proportion was detected in the T CM model (ACH-2 versus Bcl-2 versus T CM model, 88% versus 82% versus 61%; P Ͻ 0.01 by chi-square test).
Gene overlap and ontology. We also performed a gene overlap and gene ontology analysis of integration sites found in the cellular models of HIV latency and genes with viral integrants identified from Maldarelli et al. and Wagner et al. (10, 11) . Compared to all of the genes identified in the patient samples, approximately 20 to 30% of genes also were found in ACH-2 cells, the Bcl-2 transduced model, and the T CM model (Fig. 5A to C) . However, there were relatively few genes that overlapped between viral integrants in these cellular models and highly represented genes from the human studies (e.g., BACH2 and MKL2) (Fig. 5D to F) . Gene ontology analysis revealed that the ACH-2 cells and the Bcl-2 transduced model cells had viral integration in genes associated with cellular proliferation at percentages similar to those of the two previously published data sets, while the T CM model cells revealed no viral integrants in these genes (Fig. 6) . We also compared the genes with viral integrants from the two published studies, and this revealed that 21% of the genes in Wagner et al. also were found in Maldarelli et al.
High efficiency of sequence capture of chimeric reads. Across all of the enriched and sequenced libraries, 94% of all chimeric reads aligned to the 5= end of HIV (Fig. 7A) , reflecting the enrichment of the 5= LTR by our probe capture method. Analysis of all chimeric reads revealed that while the vast majority of HIV insertions occurred at or near the termini (base pair 1) of the HIV 5= LTR, we identified a number of insertion sites involving truncated U3 regions of the LTR or within the distal portion of nef (Fig. 7B) . Subsequent PCR and Sanger population sequencing of selected sites confirmed the presence of truncated U3 and nef integration sites into the ACH-2 genome (Fig. 3C ).
DISCUSSION
In this study, we have created a high-throughput assay that enriches Illumina deep sequencing libraries for the HIV 5= LTR with a diverse biotinylated probe library. Using an expanded clonal population of ACH-2 cells, we demonstrate that this sequence capture assay has an extremely low false-positive rate. This assay was used to assess four cellular models commonly used to study HIV latency and latency-reversing agents: ACH-2 cells, J-Lat cells, the Bcl-2 transduced primary CD4 ϩ model cells, and the cultured T CM model. There were significant differences in integration site characteristics, including the proportion of clonally expanded sites, proportion of sites located within genic regions and exons, and the orientation of the integrated HIV relative to the host gene among all of these cellular models. ACH-2 integration site characteristics consistently differed from those of the other models and from the patient samples. Gene ontology analysis of highly represented genes from the patient samples found little overlap with HIV-containing genes from the cell lines. Finally, we found that the 5= HIV integration junction does not always occur at the exact terminus of the HIV LTR and that both truncated U3 regions and nef additions appear to be present. Targeted probe-based enrichment has been used for sequence enrichment of HIV-1-derived lentiviral vectors (36), other viruses, such as human herpesviruses (37) , and Merkel cell polyomavirus (38) , as well as the detection of human genetic mutations (39, 40) . While Ustek et al. were able to enrich deep sequencing libraries for the targeted lentiviral vector, over 90% of fragments that were pulled down were not complementary to the target region (36) . Rather than tiling across the target genome for sequence detection, as was done in these prior studies, we designed a library of diverse probes in the proximal HIV 5= LTR. This allowed for sequence enrichment of the HIV-human junction sites for integration site analysis. Most previous studies of HIV integration sites used PCR-based methods that may bias integration site detection to those sequences that closely match the PCR primer sequence (10Ϫ12, 29). Our diverse probe library seeks to address this issue by avoiding the use of a single primer complementary to HIV. Using clonally derived ACH-2 cells, we show that the falsepositive rate of this assay is extremely low. While this method does have an approximately 500-fold enrichment of HIV-specific sequences, further optimization is necessary for detection of rare HIV integration events, as seen in patient samples.
ACH-2 cells were produced by infection of A3.01 cells, serially diluted to 0.2 cells per well, and reexpanded (15, 16) . Clouse et al. reported that most of the infected A3.01 cells that survived HIV infection are CD4 negative, and Southern blot hybridization revealed one integrated copy of HIV per cell (15) . Using inverse PCR, it was found that the ACH-2 integration site was in chromosome 7p15 (34) . While this also was determined to be a major integration site in the bulk culture of ACH-2 cells in our study, we uncovered the previously undescribed diversity of integration sites within this cell line. Integration site analysis of the bulk ACH-2 cell line found that there was a second major integration site as well as a large number of minority integration sites. Using a clonally expanded population of ACH-2 cells, we show that these minority integration sites likely are not due to false positives and indicate that low-level viral replication is indeed occurring in ACH-2 cell cultures. The presence of two major integration sites within the clonal ACH-2 population likely represents two founder populations present in the limiting dilution culture, although we could not rule out the presence of a cellular population with two integration sites. J-Lat cells originally were constructed by infection of Jurkat cells with an HIV-R7/E-/green fluorescent protein (GFP) construct (41) . The integration site of this clonal population (J-Lat clone 9.2) was reported to be in the PP5 gene of chromosome 19 (35) . Using this novel method, we confirmed the integration site in this clonal population to be position 46884365 in Chr19.
Cellular models of latency are necessary for the screening and analysis of putative HIV latency-reversing agents (17, 21, 22, 26) . We performed integration site analysis of four commonly used cellular models of HIV latency and compared how well they reflect HIV integration site characteristics in patient samples. The Bcl-2 transduced model was created by activation of primary human CD4 ϩ T cells and transduction with the EB-FLV vector containing the BCL-2 gene (19, 20) . Transduced cells then were infected with reporter virus NL4-3-⌬6-drEGFP and sorted according to GFP expression to isolate latently infected cells. The T CM model was created by the isolation of naive CD4 ϩ T cells and induced to produce cultured T CM cells (23, 24) . Cells subsequently were infected with replication-competent HIV-1 and treated with suppressive antiretroviral drugs, and latency was assessed by CD4 T cell sorting to isolate uninfected and latently infected cells (23) .We found significant differences in integration site characteristics between the cellular models with ACH-2 cells. While ACH-2 cell lines are readily available and easy to use, they are unlikely to accurately reflect the latently infected cellular environment. Despite a greater than expected diversity of minority integration sites detected in ACH-2 cells, their integration site characteristics consistently differed from those of the other models and from the patient samples. The Bcl-2 and T CM cell models did not contain any major clonally expanded sites, and the integration site characteristics (e.g., percent integrated in genic regions, exons, and host cell orientation) were within the range of those found in the patient samples. However, gene ontology analysis of highly represented genes from the patient samples found relatively little overlap with HIV-containing genes from the cell lines. Overall, these results show that some cellular models of latency have insertion site characteristics similar to those found in participant samples, but that substantial differences may remain in the genes that contain proviruses. In the cellular models, no insertion sites were detected within BACH2 or MKL2 genes. One explanation is that the selective advantages of HIV integration into genes associated with clonal proliferation are blunted in cell lines that previously were immortalized and/or where sustained cellular proliferation is absent postinfection. This also may explain variations in the response of cellular models of HIV latency to stimulating agents and why response may be incomplete compared to that of patientderived cells (28) .
It is generally assumed that the human-HIV integration junction site is located exactly at the proviral terminus (base pair 1 of HIV viral DNA) (42) . While the vast majority of the identified chimeric reads occurred at the terminus, we also found insertion sites where human sequence is attached to truncated U3 regions of the LTR or the distal portion of nef. These findings were confirmed by PCR and Sanger population sequencing, including the sequencing of a nef-gag amplicon (Fig. 3C) . We postulate that a truncated U3 region is not lethal for viral replication, as RNA transcription occurs at the R region of the 5= LTR and essential binding sites for transcriptional cofactors are not generally located at the proximal portion of the U3 region (i.e., NF-B, SP1, and other cofactor binding sites are found primarily at or after HXB2 bp 350 in the U3 region). In addition, the U3 region of the proviral 5= LTR is not included as part of the viral RNA progeny, as it is derived from the U3 region of the 3= LTR at the time of reverse transcription. We hypothesize that the presence of a substantial number of nef sequences at the HIV integration junction site is a result of inadvertent partial nef duplication during the reverse transcriptase step that uses the U3 region of the 3= LTR as the template for the proximal 5= end (43) . This finding only accounts for a relatively small proportion of integration events and still requires confirmation in patient samples, but it may have implications for primer/probe design and the accurate identification of HIV integration sites.
In this report, we demonstrate the efficiency of a targeted sequence capture-based next-generation sequencing method for HIV integration site analysis. Using this assay, we have evaluated how well four commonly used cellular models of HIV latency reflect HIV integration site characteristics found in patient samples. A deeper understanding of the HIV proviral environment within these cellular models will be crucial in evaluating how well they model HIV integration in vivo and the generalizability of their findings on potential drugs targeting the latent viral reservoir.
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